abstract The role of group III metabotropic glutamate receptors (mGluRs) in photoreceptor-H1 horizontal cell (HC) synaptic transmission was investigated by analyzing the rate of occurrence and amplitude of spontaneous excitatory postsynaptic currents (sEPSCs) in H1 HCs uncoupled by dopamine in carp retinal slices. Red light steps or the application of 100 M cobalt reduced the sEPSC rate without affecting their peak amplitude, which is consistent with hyperpolarization or the suppression of Ca 2 ϩ entry into cone synaptic terminals reducing vesicular transmitter release. Conversely, postsynaptic blockade of H1 HC AMPA receptors by 500 nM CNQX reduced the amplitude of sEPSCs without affecting their rate. This analysis of sEPSCs represents a novel methodology for distinguishing between presynaptic and postsynaptic sites of action. The selective agonist for group III mGluRs, l -2-amino-4-phosphonobutyrate (L-APB or L-AP4; 20 M), reduced the sEPSC rate with a slight reduction in amplitude, which is consistent with a presynaptic action on cone synaptic terminals to reduce transmitter release. During L-APB application, recovery of sEPSC rate occurred with 500 M (s)-2-methyl-2-amino-4-phosphonobutyrate (MAP4), a selective antagonist of group III mGluR, and with 200 M 4-aminopyridine (4-AP), a blocker of voltage-dependent potassium channels. Whole-cell recordings from cones in the retinal slice showed no effect of L-APB on voltage-activated Ca 2 ϩ conductance. These results suggest that the activation of group III mGluRs suppresses transmitter release from cone presynaptic terminals via a 4-AP-sensitive pathway. Negative feedback, operating via mGluR autoreceptors, may limit excessive glutamate release from cone synaptic terminals.
I N T R O D U C T I O N
Glutamate is the neurotransmitter released by photoreceptors in the dark, mediating synaptic transmission to horizontal and bipolar cells (Copenhagen and Jahr, 1988) . Light hyperpolarizes cone photoreceptors, reducing the vesicular release rate of glutamate, leading to a reduction in the spontaneous excitatory postsynaptic current (sEPSC)* rate and hyperpolarization of postsynaptic H1 horizontal cells (HCs; Hirasawa et al., 2001a) . HCs in carp retina receive synaptic input from rods and cones via separate pathways (Kaneko and Yamada, 1972 ) and H1 HCs receive synaptic input mainly from red-sensitive cones (Stell et al., 1975; Djamgoz, 1984; Yamada and Yasui, 1988; Yamada et al., 1999) . We recently have shown that sEPSCs in H1 HCs are mediated by AMPA receptors, which is consistent with previous studies on isolated cells (Lu et al., 1998 ) that these ionotropic glutamate receptors mediate fast synaptic transmission from cones (Hirasawa et al., 2001a,b) . The synaptic input to On bipolar cells from photoreceptors, however, is mediated by a G protein-coupled metabotropic glutamate receptor (mGluR6), which is selectively activated by ( l )-2-amino-4-phosphonobutyric acid (L-APB or L-AP4; Shiells et al., 1981; Nawy and Jahr, 1990; Shiells and Falk, 1990, 1995; Nakajima et al., 1993; de la Villa et al., 1995) . This is the only known synapse where the total excitatory postsynaptic input is mediated exclusively by a mGluR (Shiells, 1994) .
However, mGluRs play a role not only in mediating postsynaptic actions, but also are expressed in presynaptic terminals, functioning to modulate transmitter release in the central nervous system (Anwyl, 1999; Cartmell and Schoepp, 2000) . Three mechanisms for the downregulation of transmitter release by mGluRs have been proposed: (1) suppressing presynaptic Ca 2 ϩ conductance (Takahashi et al., 1996; Koulen et al., 1999) , (2) activating K ϩ conductance (Sladeczek et al., 1993; Cochilla and Alford, 1998) , or (3) directly inhibiting transmitter release independently from reducing cal-cium influx (Scanziani et al., 1995) . L-APB, an agonist of group III mGluRs (mGluR4, 6, 7, and 8), hyperpolarized HCs in isolated retina (Nawy et al., 1989; Yasui et al., 1990; Hare and Owen, 1992; Takahashi and Copenhagen, 1992) . Two distinct hypotheses have been proposed to account for this action involving either a presynaptic or a postsynaptic mechanism. Nawy et al. (1989) proposed a presynaptic effect that APB regulates transmitter release from photoreceptor synaptic terminals since postsynaptic HC responses to kainate were unaffected by APB. Supporting this, Koulen et al. (1999) recently reported that photoreceptor terminals in mammalian retina showed mGluR8 immunoreactivity and a reduction in intracellular calcium concentration in response to APB. Group III mGluRs are considered to function as autoreceptors, regulating synaptic transmission from photoreceptor terminals by negative feedback. Takahashi and Copenhagen (1992) , however, have proposed a postsynaptic action since glutamate responses of isolated HCs showed suppression by APB. Furthermore, this postsynaptic action was shown to involve the activation of guanylate cyclase, increasing the level of cGMP in HCs, which in turn activated a K ϩ conductance via a cGMP-dependent kinase (Dixon and Copenhagen, 1997) . This action is distinctly different from the mGluR6-mediated action of APB in On bipolar cells, which may be either linked via a phosphodiesterase to reduce a cGMP-activated conductance (Nawy and Jahr, 1990; Shiells and Falk, 1990, 2000) , or linked to direct channel closure by the G-protein G o (Nawy, 1999) . A further postsynaptic action of APB in HCs is to activate voltage-dependent calcium currents (Linn and Gafka, 1999) .
We now show that group III mGluRs regulate synaptic transmission from cone presynaptic terminals, which is consistent with the expression of mGluR8 (Koulen et al., 1999) . A novel methodology applying dopamine to uncouple and, thus, electrically isolate H1 HCs in carp retinal slices was used, allowing the recording of discrete sEPSCs (Hirasawa et al., 2001a) . The analysis of sEPSC rates of occurrence and amplitudes distinguishes a presynaptic action of L-APB. The results indicate presynaptic expression of mGluRs functioning to reduce transmitter release via a 4-AP-sensitive pathway, which is consistent with the known actions of mGluR8 or mGluR4.
M A T E R I A L S A N D M E T H O D S

Retinal Slice Preparation and Superfusion
Slices of retina were prepared as described by Werblin (1978) , Shiells and Falk (1990) , and Hirasawa et al. (2001a) from carp ( Cyprinus carpio ) kept under natural daylight conditions. Lightadapted fish (200-250 g) were pithed, and the eyes were enucleated and hemi-sected. To remove the vitreous humor, the inside of eyecups were gently washed for 3-4 min with Ringer's solution containing 120 U/ml collagenase and 465 U/ml hyaluronidase (Sigma-Aldrich). The eyecup was cut into four pieces. The retina was detached from the piece of eyecup onto filter paper (pore size 0.45 m; Millipore Corp.), and was sectioned into 200-mthick slices. These were superfused with Ringer's solution containing the following (in mM): 102 NaCl, 2.6 KCl, 1 CaCl 2 , 1 MgCl 2 , 28 NaHCO 3 , 5 glucose, and 5 HEPES, adjusted to pH 7.5 with NaOH when bubbled with 95% O 2 and 5% CO 2 . In all experiments, the control Ringer's solution contained 15-20 M dopamine to block the gap junctions of H1 cells (Hirasawa et al., 2001a) , with 75-100 M ascorbic acid added to reduce oxidation. 6-Cyano-7-nitroquinoxaline (CNQX, an antagonist of non-NMDA receptors; RBI Ltd.) was dissolved in DMSO and then added to the superfusate. 2-Amino-2-methyl-4-phosphonobutyric acid (MAP4, an antagonist of group III mGluRs; Tocris Cookson) was dissolved with 1 N NaOH and then added to the superfusate. L-APB or L-AP4 (a selective agonist of group III mGluRs; Tocris) or 4-aminopyridine (4-AP) was added directly to the superfusate. Perfusion speed was 1.4 ml/min, and the volume of the recording chamber was 0.5 ml. All experiments were conducted at room temperature (21-23 Њ C). It took 25-30 min to make the slice preparations under room light. The slices were viewed using an upright microscope (model BX50WI; Olympus) with infrared illumination ( Ͼ 850 nm) and monitored on a CRT display with a CCD camera (model C5985; Hamamatsu Photonics).
Light Stimulation
Retinal slices were illuminated by red and blue diffuse light-emitting diodes (peak wavelengths: 650 nm and 450 nm, respectively; models DHR6610 and GNB4510; Iwasaki Electric Ltd.). The blue light was filtered with a band pass filter (transmission peak at 410 nm; model V42; Toshiba Electric Ltd.), and the red light filtered with a sharp cut filter (cut-off wavelength at 650 nm; model R65; Hoya Optics Ltd.). The red light was filtered to selectively stimulate the red cones. HCs were identified by their characteristic morphology, spreading laterally in the distal part of the outer nuclear layer. Subtypes were identified by their characteristic spectral responses to steps of red and blue light. H1 HCs (L-type HCs) responded with outward currents to red and blue light, whereas C-type HCs responded with small inward or no currents to red and outward currents to blue light. The intensity of red light was between 6 and 21 ϫ 10 5 quanta/ m 2 /s.
Whole-cell Recording from H1 HCs
Pipettes for whole-cell patch-clamp recording were fabricated from standard-walled borosilicate glass (Clark Electromedical). Intracellular Cs ϩ -based pipette solution contained the following (in mM): 70 cesium methanesulfonate, 30 CsCl, 1 MgCl 2 , 5 EGTA, 1 Mg-ATP, 1 Na-GTP, and 10 HEPES adjusted to pH 7.2 with 3 N CsOH. H1 HCs were voltage-clamped to their initial dark membrane potentials (corrected for the tip potential) measured just after going to the whole-cell mode. To obtain discrete recordings of sEPSCs under voltage clamp, dopamine was applied to uncouple gap junctions and thus electrically isolate H1 HCs (Hirasawa et al., 2001a) . Their input resistance was very low ( ‫ف‬ 15 M ⍀ ) in the absence of dopamine and, under such poor space-clamp conditions, prominent sEPSC events were not observed (Hirasawa et al., 2001b) . sEPSCs were usually recorded from cells with high input resistance ( Ͼ 70 M ⍀ ) using patch electrodes with low series resistance ( Ͻ 12 M ⍀ ) in dopamine containing Ringer's solution. Whole-cell voltage-clamp recordings were obtained using an amplifier (Axopatch 1-D; Axon Instruments).
L-APB modulates membrane currents in HCs by the activation of cGMP-dependent protein kinase (PKG) (Dixon and Copenhagen, 1997) and by increasing voltage-dependent Ca ϩ conduc-tance (Linn and Gafka, 1999) . To block these effects, 1-5-isoquinolinesulphonyl-2-methylpiperazine (H-7) a nonselective protein kinase inhibitor (Sigma-Aldrich) was included to the internal pipette solution, and HCs were voltage-clamped to potentials more negative than Ϫ 50 mV. No series resistance compensation was used. Signals were low-pass filtered at 2-5 kHz and digitized at 8-10 kHz. Data were stored on DAT tape and on hard disk.
Whole-cell Recording from Cones
To eliminate the possibility of a direct modulation of voltage-activated Ca 2 ϩ conductance in cones, whole-cell voltage-clamp recordings were obtained from cones in carp retinal slices. The same patch-clamp technique was used as for recording from H1 HCs, with one modification. To clearly observe the voltage-activated Ca 2 ϩ conductance, we blocked the K ϩ conductance in cones using Cs ϩ and TEA in the external solution. The external Analysis sEPSCs in HCs were analyzed by setting a threshold detection level between 4-10 pA, defined as twice the standard deviation ( ) of the baseline noise in darkness (Hirasawa et al., 2001a) . Probability density histograms of outward current noise were fitted with Gaussian functions, allowing calculation of the standard deviation of the baseline noise. The selected threshold level remained constant for the entire analysis. All events larger than this level were included if they had a rise time Ͻ 1 ms, and if they did not arise from the decaying phase of a previous event. The peak of sEPSCs was detected semiautomatically with a moving rectangle (Origin 6.0 software; Microcal Ltd.). The height of rectangle was set at ‫ف‬ 3 pA, and the width was set at 1-3 ms for interval measurement or 10-20 ms for peak amplitude measurement not to detect overlapped peaks. Average sEPSC time courses were obtained by averaging individual sEPSCs aligned to their peak points. sEPSCs with distinct overlapped peaks were not included in the averaging. The statistical data were shown as means Ϯ SEM. Error bars in the graphs indicate SEM. Fig. 1 B) , which is consistent with light hyperpolarizing cone synaptic terminals, leading to a reduction in vesicular glutamate release. The distribution of sEPSC amplitudes was analyzed by constructing probability density histograms of the postsynaptic current. The reduction in sEPSC rate by light resulted in a reduction in the inward current density ( Fig. 1 C, left) , whereas a reduction of baseline noise variance was associated with a decrease in outward current density ( Fig. 1 C, right) . sEPSC events have a solely inward current polarity, whereas baseline noise has both inward and outward noise components fluctuating about zero current level. We could predict the distribution of the inward components of baseline noise, obscured by inward sEPSC events in the dark when the quantal release rate is high, by assuming a similar Gaussian distribution to the measurable outward component of baseline noise (Hirasawa et al., 2001a) . The cumulative interval histogram shows the reduction in sEPSC rate induced by red light (Fig. 1 D, a, from 141 to 87 s Ϫ 1 ) but no significant difference was observed in mean peak amplitude ( Fig. 1 D, b , from 17.7 Ϯ 0.6 pA to 15.7 Ϯ 0.8 pA; n ϭ 3, P Ͼ 0.06). Although the rate was significantly reduced by 37.4 Ϯ 0.1% (paired t test, P Ͻ 0.001) in three cells, the amplitude was not changed ( P Ͼ 0.05; Fig. 1 D, c) .
R E S U L T S
Presynaptic Suppression of sEPSCs and Baseline Noise by Light or Cobalt
Similar, but more profound, effects to red light stimulation were obtained on superfusion with 100 M cobalt (Fig. 2 A) , which suppresses transmitter release by blocking presynaptic Ca 2 ϩ conductance (Dowling and Ripps, 1973; Kaneko and Shimazaki, 1975) . 100 M cobalt induced an outward current accompanied by a reduction in sEPSC rate. On washout, there was recovery of sEPSC rate and whole-cell current. Time-expanded recordings show that cobalt suppressed the sEPSCs, with a significant reduction in baseline noise (Fig. 2 B) . Higher concentrations of cobalt (1-2 mM) suppressed sEPSC rate to Ͻ 1 s Ϫ 1 (unpublished data). Analysis of sEPSC amplitude distribution and baseline noise showed a dramatic reduction in the inward current component of the probability density histogram (Fig. 2  C, left) , corresponding to the large reduction in sEPSC rate. Reduction of the outward current density reflects an accompanying reduction of the baseline noise variance ( Fig. 2 C, right) . Fig. 2 D shows the time course of averaged sEPSCs in control and with cobalt. The decay phase in cobalt was slightly more prolonged, but there was no change in mean peak amplitude. The cumulative interval histogram shows reduction of the sEPSC rate by cobalt (Fig. 2 E, a , from 204 to 4 s Ϫ 1 ), with no significant difference in the mean peak amplitude (Fig.  2 E, b , from 19.4 Ϯ 0.3 to 18.8 Ϯ 0.8 pA). Although the rate was significantly suppressed by 95.3 Ϯ 1.3% (P Ͻ 0.001) in eight cells, the amplitude was not significantly changed (0.8 Ϯ 5.9%: P Ͼ 0.8; Fig. 2 E, c) . These results are consistent with asynchronous transmitter release from cones being Ca 2ϩ -dependent (Reike and Schwartz, 1996) . The decrease in sEPSC rate results from a reduction in vesicular release rate, whereas the reduction of baseline noise, which was also suppressed by light, probably results from a reduction in the open probability of channels due to a fall in free glutamate concentration in the synaptic cleft (Hirasawa et al., 2001a) . The rise in baseline noise in darkness or on washout of cobalt, thus, would result from an increase in single-channel fluctuations in response to a background level of free glutamate. This would be consistent with the Gaussian distribution of the baseline noise, which was fitted by using the distribution of the outward current noise components (Figs. 1 C and 2 C; Hirasawa et al., 2001a) .
Postsynaptic Suppression of sEPSCs and Baseline Noise by CNQX
We investigated the postsynaptic suppression of sEPSCs and baseline noise by applying CNQX, an antagonist of non-NMDA receptors. Fig. 3 A shows the effect of 500 nM CNQX. This relatively low concentration of CNQX induced an outward current, which is consistent with blocking postsynaptic AMPA receptors (Hirasawa et al., 2001a,b) . Time-expanded traces show that 500 nM CNQX reduced the peak amplitude rather than the rate of sEPSCs (Fig. 3 B) . Higher concentrations of CNQX (10 M) completely suppressed sEPSCs (Fig. 3  B, inset) . The probability density histograms (Fig. 3 C,  left) show a reduction of inward current events due to reduced sEPSC amplitudes. A corresponding reduction in baseline noise variance reduces the outward current density (Fig. 3 C, right) , as would be expected if CNQX antagonized the action of free glutamate in the synaptic cleft. The time course of averaged sEPSCs in control and with CNQX is shown in Fig. 3 D. Although the mean amplitude was reduced by CNQX, there was no change in the sEPSC decay phase. The cumulative interval histogram from this data shows no significant reduction of sEPSC rate by CNQX (Fig. 3 E, a , P Ͼ 0.11), but there was a significant reduction of mean amplitude (Fig. 3 E, b , from 15.7 to 10.5 pA). The mean sEPSC rate showed no significant change in four cells (P Ͼ 0.4). However, the amplitude was significantly reduced (Fig. 3 E, c) . 
Suppression of sEPSCs, Baseline Noise, and Light Responses by L-APB
To determine the presynaptic role of group III mGluRs in cone to HC synaptic transmission, we studied the action of L-APB, an agonist of group III mGluRs, on H1 HCs. However, L-APB is known to have postsynaptic actions in modulating the inward-rectifier potassium channel via cyclic GMP-dependent kinase (Dixon and Copenhagen, 1997) and in activating voltage-activated Ca 2ϩ channels (Linn and Gafka, 1999) . To avoid these postsynaptic actions, H-7, a nonselective protein kinase inhibitor, was added to the patch pipette solutions. Whole-cell recordings with H-7 did not show any detectable effect on HC whole-cell currents, sEPSCs, or light responses (unpublished data). Furthermore, the holding potential of HCs was kept more negative to Ϫ55 mV to avoid large changes in voltage-activated Ca 2ϩ conductance. Fig. 4 A shows the effect of applying 20 M L-APB to the HC equilibrated with H-7 in the patch pipette solution on the whole-cell current in the dark. APB induced an outward current with a clear reduction in sEPSC rate (Fig. 4 B, a and b) , which is similar to the effect of cobalt or light. The probability den- Cumulative peak amplitude histograms in control (n ϭ 221) and with CNQX (n ϭ 156). Mean amplitude in CNQX (10.5 pA) was reduced compared with that in control (15.7 pA). (c) Summarized bar chart (from four cells). CNQX reduced the sEPSC amplitude by 22.7 Ϯ 0.1%: P Ͻ 0.03) but did not change the mean rate (9.5 Ϯ 9.9%: P Ͼ 0.4). sity histograms show a reduction of inward current events due to the suppression of sEPSCs (Fig. 4 C,  left) and a reduction in outward probability density, indicating a reduction of baseline noise variance (Fig.  4 C, right) . Fig. 4 D shows the time course of averaged sEPSCs before and during application of APB. There was a slight reduction in amplitude, but little change in decay phase. The cumulative interval histograms show a marked reduction in the sEPSC rate induced by L-APB from 147 to 25 s Ϫ1 (Fig. 4 E, a) and a slight suppression of mean peak amplitude from 28.2 to 20.2 pA (Fig. 4 E, b) . This slight reduction in amplitude may be due to incomplete blockade, by H-7, of the known postsynaptic action of APB on HCs (Dixon and Copenhagen, 1997) . L-APB significantly suppressed the mean rate by 52.7 Ϯ 6.0% (P Ͻ 0.001) in 19 cells and also significantly suppressed the mean amplitude by 15.5 Ϯ 2.1% (P Ͻ 0.001; Fig. 4 E, c) . Therefore, the major effect of 20 M L-APB under these conditions is to suppress the transmitter release process, having a similar action to red light or cobalt on sEPSC rate and amplitude. Lower doses of APB L-APB reduced the sEPSC rate by 52.7 Ϯ 6.0% (P Ͻ 0.001) and slightly reduced the mean amplitude by 15.5 Ϯ 2.1% (P Ͻ 0.001). The rate reduction was significantly greater than that of peak amplitude (P Ͻ 0.001).
were also effective, 2 M L-APB suppressed the rate of sEPSCs by 42.5 Ϯ 22.3% (n ϭ 3). Fig. 5 A shows the effect of 20 M L-APB on H1 HC light-induced outward current responses. L-APB suppressed the red light responses, accompanied by a reduction in sEPSC rate. The time course of lightinduced current responses followed the sEPSC rate changes (Fig. 5 B) . L-APB reduced the rate of sEPSCs by 93% (from 101 to 7.5 s Ϫ1 ; Fig. 5 B, closed squares) and reduced the amplitude of light responses by 83.3% (from 54.1 pA to 9.6 pA; Fig. 5 B, open circles) . The reduction of sEPSC rate and light responses showed a clear correlation (correlation coefficient: 0.90), suggesting that L-APB limits the amplitude of light responses by suppressing the transmitter release process from cone synaptic terminals.
The Effect of APB Is Antagonized by MAP4
To confirm that L-APB was acting via a group III mGluR, we examined whether MAP4, a selective antagonist of group III mGluRs, antagonized the effects of L-APB. Fig. 6 A shows an application of 500 M MAP4 made during superfusion of an H1 HC with 20 M L-APB. The fast sweep recordings in each condition are shown in Fig. 6 B. The initial sEPSC rate in control was 117.6 Ϯ 4.3 s Ϫ1 and was reduced to 17.9 Ϯ 1.1 s Ϫ1 by L-APB. Coapplication of 500 M MAP4 partially restored the frequency to 44.1 Ϯ 4.4 s Ϫ1 , and subsequent washout of MAP4 to 20 M L-APB alone reduced the frequency to 15.5 Ϯ 0.8 s Ϫ1 . Some recovery to 69.9 Ϯ 3.2 s Ϫ1 was observed on washing out APB (Fig. 6 C, a) . The mean peak amplitude was not significantly changed by MAP4, which is consistent with a presynaptic site of action (Fig. 6 C, b) . Averaged results from four cells are shown in Fig. 6 D. The sEPSC rate, reduced by L-APB (mean suppression by 71 Ϯ 13% compared with control, P Ͻ 0.02) recovered with 500 M MAP4 (increase to 169.2 Ϯ 102.9% compared with L-APB, P Ͻ 0.01) and the effect of MAP4 was reversible (mean suppression by 85 Ϯ 7.3% compared with MAP4, P Ͻ 0.05). The mean peak amplitude was not significantly changed by L-APB and MAP4 in four cells (P Ͼ 0.05), although on recovery from L-APB there was a small increase in the mean peak amplitude (P Ͼ 0.04). Application of MAP4 alone induced an inward current accompanied by a slight, but insignificant, increase in sEPSC rate (unpublished data) . 500 M MAP4 also antagonized the L-APB induced reduction of red light responses and sEPSC rate (Fig. 7  A) . Light responses were reduced by APB in proportion to the reduction in sEPSC rate (Fig. 7 B) and both showed partial recovery on application of MAP4. On washing out MAP4, there was a more profound reduction in light responses and sEPSC rate, which showed some recovery on returning to control Ringer. Similar effects were observed in two cells.
4-AP Reduces the Presynaptic Effect of L-APB
Two principal mechanisms have been proposed to account for the L-APB induced regulation of transmitter release: (1) suppression of a presynaptic Ca 2ϩ conductance (Takahashi et al., 1996) , and (2) activation of a presynaptic 4-AP-sensitive K ϩ channels (Sladeczek et al., 1993; Cochilla and Alford, 1998) . To determine whether L-APB reduces voltage-dependent Ca 2ϩ conductance in cones, whole-cell voltage-clamp recordings were obtained from cones in the carp retinal slice. The current-voltage (I-V) relation was measured before and during cobalt or APB applications (Fig. 8) . Whereas cobalt was effective in reducing the Ca 2ϩ conductance (Fig. 8 A) , 20 M APB did not reduce the voltagedependent Ca 2ϩ current in cones (Fig. 8 B) .
Therefore, we examined whether APB was acting to suppress a 4-AP-sensitive K ϩ current in the presynaptic terminals. Fig. 9 A shows an application of 200 M 4-AP to an H1 HC made during superfusion with 20 M APB. This induced an inward current, which is consistent with 4-AP acting to reduce the presynaptic inhibition induced by mGluR activation. Fast sweep recordings in each condition are shown in Fig. 9 B. The sEPSC rate (reduced by APB) showed a significant recovery close to the control level with 200 M 4-AP. In the presence of APB, the rate increased from 182 Ϯ 9 to 239 Ϯ 9 s Ϫ1 on application of 4-AP (Fig. 9 C, a) . On washing out 4-AP, this was reduced to 154 Ϯ 8 s Ϫ1 , and on returning to control, the Ringer's solution recovered to 190 Ϯ 8 s Ϫ1 . However, the mean peak amplitude showed no significant change with 4-AP (Fig. 9 C,  b) , suggesting a presynaptic action. Results averaged from four cells are shown in Fig. 9 D. The reduction in mean sEPSC rate induced by L-APB (mean suppression by 39.0 Ϯ 11.4%, P Ͻ 0.05) showed a significant recovery with 200 M 4-AP (P Ͻ 0.01; Fig. 9 D) . Washout of 4-AP significantly reduced the mean rate (P Ͻ 0.01). The mean peak amplitude was significantly decreased by the initial application of APB (P Ͻ 0.01, n ϭ 4; Fig. 9 D, b), but showed no further significant changes on application or after washout of 4-AP (P Ͼ 0.07, n ϭ 4).
The APB-induced reduction of H1 HC red light responses also was reversed by 200 M 4-AP (Fig. 10 A) . The outward current response to light initially was reduced by APB, and then showed some recovery, accompanied by an inward current, on application of 4AP. Mean reduction of light responses and sEPSC rate recorded from two cells on application of APB are shown in Fig. 10 B. A significant recovery resulted on application of 4-AP, which is consistent with APB activation of presynaptic mGluRs reducing transmitter release by increasing a 4-AP-sensitive K ϩ conductance.
D I S C U S S I O N
A Novel Analysis for the Determination of Presynaptic versus Postsynaptic Modulation of Synaptic Transmission
The recording of discrete sEPSCs from H1 HCs, suppressed by light, provides direct evidence for asynchronous vesicular transmitter release from cones following a Poisson interval distribution (Hirasawa et al., 2001a) . Graded transmitter release events from cones previously were estimated from the power spectrum of voltage noise in bipolar cells (Ashmore and Copenhagen, 1983) . The analysis of sEPSC rate, time course, and amplitude, however, provides a novel and direct method for determining whether synaptic transmission from cones to H1 HCs is modulated presynaptically or postsynaptically. Presynaptic modulation, involving a change in the rate of quantal release of transmitter from cone synaptic terminals, results in a change in sEPSC rate without any change in mean peak amplitude. Thus, we detected a reduction in the rate, due to hyperpolarization of the synaptic terminals or suppression of Ca 2ϩ influx with red light or cobalt, respectively, with no corresponding reduction in mean amplitude. On the other hand, postsynaptic modulation involves no change in the rate, but does effect a change in amplitude. Accordingly, with CNQX, which blocks H1 HC AMPA receptors Hirasawa et al., 2001a,b) , we detected a reduction in sEPSC amplitude without any corresponding change in rate. Therefore, monitoring sEPSC rates and amplitudes allows us to distinguish clearly between agents that act postsynaptically, such as CNQX, and could be used to study agents which are thought to act presynaptically, such as nitric oxide (Savchenko et al., 1997) or somatostatin (Akopian et al., 2000) that are assumed to modulate transmitter release.
APB Reduces Transmitter Release from Cone Presynaptic Terminals
Application of APB consistently reduced the sEPSC rate, suggesting a presynaptic action of APB on the cone terminals to reduce transmitter release. This action would be consistent with the activation of a presynaptic mGluR leading to hyperpolarization of cone terminals. However, in the carp retinal slice, other synaptic interactions are possible. Two other possible pathways mediated by negative feedback from horizontal cells to reduce transmitter release from cones can be considered: (1) a GABA-ergic negative feedback pathway or (2) a GABAindependent feedback pathway (Verweij et al., 1996) . For example, in the accessory olfactory bulb, the granule cell mGluR2 can regulate GABA-ergic transmission to the mitral cell (Hayashi et al., 1993) . In our preliminary experiments, both picrotoxin and bicuculline (antagonists of GABA receptors) failed to restore the sEPSC rate suppressed by L-APB (unpublished data). Therefore, the GABA-ergic feedback from horizontal cells is unlikely to mediate the action of APB to reduce transmitter release from cone presynaptic terminals. The GABA-independent negative feedback pathway also is unlikely since this involves a shift in the voltage range of the Ca 2ϩ current of cones to suppress transmitter release (Verweij et al., 1996) . However, L-APB had no effect on the voltage-dependent Ca 2ϩ current of cones recorded from the retinal slice. The recovery of sEPSC rate on 4-AP application suggests that L-APB suppressed transmitter release directly by increasing a 4-AP-sensitive K ϩ conductance mediated by mGluR activation in cone presynaptic terminals.
In the inner retina, presynaptic group III mGluRs at bipolar cell terminals have been proposed to regulate synaptic transmission between bipolar and ganglion cells (Awatramani and Slaughter, 2001) . At this site, as in H1 HCs, activation of the presynaptic mGluR by L-APB reduced the sEPSC rate in ganglion cells with little change in sEPSC amplitude.
Identity of Group III mGluR on Cone Presynaptic Terminals
The presynaptic action of L-APB is consistent with the expression of group III mGluRs on cone presynaptic terminals, functioning by negative feedback to reduce transmitter release. The IC 50 value of L-APB is in the range of 0.06-1 M for mGluR4, 6, and 8, but Ͼ100 M for mGluR7 (Cartmell and Schoepp, 2000) . Since we found that concentrations of 2-20 M L-APB were effective in reducing sEPSC rate by 47.3 Ϯ 6.0%, this suggests that the presynaptic action of APB may be mediated by mGluR4, 6, or 8 but not by mGluR7. MAP4 failed to antagonize the effect of L-APB in retinal On bipolar cells expressing mGluR6 (Thoreson et al., 1997) , and there is no immunocytochemical evidence for the expression of mGluR6 on cone presynaptic terminals (Vardi et al., 2000) , excluding mGluR6. MAP4 has been shown to be an antagonist at mGluR4 with an IC 50 Ͼ 500 M (Knöpfel et al., 1995) , whereas for mGluR8 the IC 50 is Ͼ25 M (Saugstad et al., 1997) in expression systems. As yet, we cannot distinguish between mGluR4 or 8 from the pharmacology, but the immunocytochemical evidence would suggest mGluR8 (Koulen et al., 1999) . Koulen et al. (1999) demonstrated the expression of mGluR8 on mammalian cone presynaptic terminals, and that activation by L-APB induced a fall in Ca 2ϩ concentration. Group III mGluRs suppress transmitter release in two principal ways: (1) by suppressing the presynaptic voltage-activated Ca 2ϩ conductance by direct G-protein-channel interaction (Takahashi et al., 1996; Dolphin, 1998) ; or (2) by activation of presynaptic 4-AP-sensitive K ϩ channels by a cAMP-mediated second messenger pathway (Cartmell and Schoepp, 2000) . The present results would be consistent with the action of L-APB being mediated by mGluR8 or mGluR4 in cone presynaptic terminals linked to a 4-AP-sensitive pathway. This would hyperpolarize the terminals, which are relatively depolarized in the dark, resulting in a reduction in quantal transmitter release. We found that L-APB had no direct effect on cone voltage-activated Ca 2ϩ conductance, so the fall in Ca 2ϩ concentration observed on exposure of cones to APB (Koulen et al., 1999 ) may result from a secondary effect due to hyperpolarization (reducing voltage-activated Ca 2ϩ conductance) of the presynaptic terminals.
Presynaptic Suppression Mechanism of Cone Transmitter Release
Glutamate also is known to activate a Cl Ϫ -dependent transporter current in cones, which is insensitive to APB (Grant and Werblin, 1996) and mediates a presynaptic action of glutamate at the cone output synapse (Sarantis et al., 1988; Tachibana and Kaneko, 1988) . Since the reversal potential of Cl Ϫ in cones is more positive to their membrane potential in the dark, glutamate depolarizes cones by this mechanism. This constitutes a positive feedback mechanism, proposed to increase the gain for the conversion of changes in light intensity into changes in glutamate release (Sarantis et al., 1988) . The mGluRmediated suppression of vesicular glutamate release, reported here, constitutes a negative feedback mechanism acting to limit the release rate of glutamate. Perhaps the mGluR-mediated negative feedback pathway is required to prevent the potential development of regenerative or excessive glutamate release by the positive feedback pathway, which is mediated by the glutamate transporter current.
Negative Feedback Mediated by Group III mGluRs Functioning as Autoreceptors
The present results suggest the possibility of autoreception, such that glutamate released from cones acts via mGluR8 or mGluR4 to reduce the transmitter release process in red cone presynaptic terminals mediated by the 4-AP-sensitive pathway. This negative feedback via group III mGluRs might regulate the tonic release of glutamate in the dark. With light, the rate of glutamate release is reduced by hyperpolarization of the presynaptic terminals, so the negative feedback would accordingly decrease as the level of free glutamate, and hence mGluR activation, is reduced. What precise function this may have in regulating postsynaptic light responses of both HCs and bipolar cells remains to be determined. The mGluR antagonist, MAP4, induced only a small, but insignificant, increase in the sEPSC rate when applied in the absence of APB. This suggests that the presynaptic mGluR is not highly activated in light-adapted retinal slices when the vesicular release rate, and hence free glutamate, is low. Whether mGluR activation is higher in the dark-adapted condition, when vesicular glutamate release is high, remains to be determined.
